In this paper we develop an analysis of the so-called Dual Cell Spacer. In contrast to a conventional spacer, which shapes a tra c stream only according to a given Peak Cell Rate, the Dual Cell Spacer takes into account the Peak Cell Rate as well as the Sustainable Cell Rate with the corresponding Burst Tolerance. The analysis is carried out in the discrete-time domain. Performance measures such as the cell rejection probability, the cell delay distribution and the cell inter-departure time distribution are derived. All results are of an exact nature. Numerical examples that compare the performance of the Dual Cell Spacer with that of a conventional spacer show a similar performance in terms of cell delay and cell loss for relatively small values of the Burst Tolerance. Using our analysis, both the Sustainable Cell Rate and the Burst Tolerance, which are used for tra c shaping in the Dual Cell Spacer, can be chosen adequately to achieve a given target cell rejection probability or cell delay, respectively, and to allow the network provider to obtain a high multiplexing gain.
Introduction
In ATM networks, resource allocation is performed on the basis of a tra c contract which is negotiated between the network and the user. One part of this tra c contract consists of source tra c descriptors such as the Peak Cell Rate (PCR) and the Sustainable Cell Rate (SCR) of the connection. As long as the source is well behaving, i.e. the negotiated rates are not exceeded, the network commits to meet certain Grade of Service (GoS) parameters such as the Cell Loss Rate (CLR), the Cell Transfer Delay (CTD) or the Cell Delay Variation (CDV), which constitute the other part of the tra c contract. A major problem is the selection of adequate source tra c descriptors which are used for Usage Parameter Control (UPC) at the User Network Interface (UNI) or the Inter Network Interface (INI). On the one hand, these tra c descriptors are di cult to choose because of the burstiness and the unpredictable bandwidth variations of certain tra c sources, e.g. video and LAN-to-LAN tra c. On the other hand, they must be chosen to be useful for Connection Admission Control (CAC) and resource allocation. For sources without hard time constraints, i.e. delay insensitive applications, tra c shaping can be performed to avoid congestion which may be caused by clusters of cells belonging to one connection. An advantage of shaping is, that it not only limits the tra c volume but also reduces the burstiness of the tra c source considerably. This allows an easier choice of the source tra c descriptors. The way a tra c shaper works is to delay certain cells of a given connection such that the cell inter-departure times of consecutive cells are never smaller than a given value (cf. 3, 7, 16] ). This is done at the expense of introducing delay. In general, a maximum delay bound will be xed in the tra c contract which leads to the discarding of a cell if the cell would have to be delayed longer than this amount of time. Each incoming cell is therefore either discarded or bu ered in the shaper, and re-emitted so that the resulting output cell stream is conforming with the negotiated source tra c descriptors. At connection setup, the declaration of the PCR is necessary. However, the SCR can be speci ed optionally 1, 10] . This must be done in conjunction with a Burst Tolerance (BT), which limits the number of cells that can be transmitted at PCR. The declaration of the SCR may allow the network provider to utilize the network resources more e ciently. Until now, only tra c shaping according to a given PCR has been considered in the literature, where performance measures such as cell loss, cell delay, and characteristics of the output process have been addressed for various tra c models, see e.g. 2, 4, 5, 9, 11]. Such a shaping facility is often called Cell Spacer. However, if a SCR is negotiated, a cell stream can be shaped to be conforming with both the PCR and the SCR speci ed in conjunction with the BT. The complexity of such a Dual Cell Spacer would only be slightly higher than that of the Conventional Spacer treated in the literature until now. Using a Dual Cell Spacer, the PCR and the SCR can be guaranteed for a given connection. This approach is used e.g. in 6] for the forming of virtual paths carrying delay sensitive connections. In the following we describe the operation mode of the Dual Cell Spacer. Its basic function is to enforce a minimum cell inter-departure time, aiming at the policing of the PCR. The input cell stream is therefore in uenced in such a way, that the time between cells in the output stream is at least T, if 1=T is the PCR. However, if a burst, which is emitted at PCR, is getting too large, then the Dual Cell Spacer has to throttle down the cell emission rate to be conforming with the negotiated SCR 1=T s . The Maximum Burst Size (MBS) depends on the BT s . Thus, a cell is delayed as long as necessary to be conforming with both the PCR and the SCR. Generally, a maximum CTD is declared in the tra c contract. Cells which have to be delayed longer than a certain delay bound W are therefore rejected by the Dual Cell
Spacer. This bound will be chosen according to the corresponding QoS parameter. In Figure 1 , the basic model of the Dual Cell Spacer and related parameters are shown. The remainder of this paper is organized as follows. In Section 2 we present an exact analysis of the Dual Cell Spacer. Performance measures addressed are the cell rejection probability, the cell inter-departure time distribution and the cell delay distribution. We assume the cell inter-arrival process to be a renewal process. Numerical examples are provided in Section 3 and the paper concludes with a brief summary in Section 4.
Analysis
The basic idea behind the analysis is to introduce a spacer state denoted by the timedependent random variable U(t) = (P (t); S(t)). Depending on the spacer state U(t) that a cell sees upon arrival, the cell is either delayed for a speci c amount of time, is rejected if the delay bound W would be exceeded, or departs immediately from the spacer. A similar approach has been used in 9] to analyze the Conventional Spacer. If the rst component P(t) is positive, it describes the amount of time a cell arriving at time t has to be delayed to conform with the PCR. If P(t) is negative at a cell arrival instant, then the cell can depart the spacer immediately, from the PCR shaping point of view. The second component S(t) corresponds in a similar way to the SCR shaping part. The only di erence is that the BT s must be taken into account. Thus, if S(t) is less than or equal to s , the cell can depart immediately. Otherwise, the cell has to be delayed by at least S(t) ? s to achieve conformance. This holds, of course, only from the SCR shaping point of view. As appropriate for ATM environments, the time is discretized into slots of cell duration. The following notation is used: P ? n P(t) just before the arrival instant of cell number n, P + n P(t) just after the arrival instant of cell number n, S ? n S(t) just before the arrival instant of cell number n, S + n S(t) just after the arrival instant of cell number n, A n discrete random variable for the number of slots between the arrival instants of cells n ? 1 A sample evolution of the random variables de ned above is depicted in Figure 2 .
Starting with the arrival of cell n ? 3, we have P ?
n?3 = 0 and S ? n?3 < s . Thus, cell n ? 3 departs immediately from the spacer and the components P(t) and S(t) are increased by T and T s , respectively. Subsequently, they are decremented each slot. Just before the arrival of cell n ?2, S ? n?2 is still smaller than s but P ? n?2 is now larger than 0. Therefore, cell n ? 2 must be delayed. Since P ? n?2 < W, cell n ? 2 is not rejected but delayed by P ?
n?2 slots. At the arrival of cell n ? 1, we have 0 < P ? n+1 > s + W. Therefore, cell n + 1 would have to be delayed longer than W and is thus rejected and the system state is not increased. For the cells n + 2 and n + 3 we have the same situation as for cells n ? 3 and n ?2, respectively. Finally, cell n + 4 is rejected. The reason for this is that P ? n+4 is larger than the delay bound W. In the following, we present an iterative algorithm to compute u ? n (i; j) and u + n (i; j) if the cell arrival process follows a general distribution. The analysis is based on the algorithm for the computation of the system size distribution in the G X] =D=1=?S queueing system presented in 15]. This algorithm has been used in 8, 12, 14] to investigate UPC functions such as the Generic Cell Rate Algorithm (GCRA) and an extension to analyze twodimensional state processes has been presented in 13] . As outlined in the next three subsections, performance measures such as the cell rejection probability, the cell interdeparture time distribution, and the cell delay distribution can be derived easily using the limiting distribution u ? (i; j). We start with the dependencies between the random variables U ? These equations are driven by the decrease of P(t) and S(t) by one each slot. Based on the equations (2) and (3), the distribution u ? n+1 (i; j) can be found as: (6) First, let us focus on P(t), i.e. equation (5) . If P ? n 0 and cell n is not rejected due to a delay longer than W resulting from SCR shaping, P + n is set to T since the time interval until the emission of the next cell should be at least T. This corresponds to the rst case in equation (5) . For a P ? n larger than 0, the rst component of the spacer state is computed by P + n = P ? n + T, if the delay according to the SCR shaping is smaller than W.
The third case re ects the arrival of a cell which would have to be delayed longer than W and thus the spacer state remains unchanged. Analogously, equation (6) describes the computation of the second component S(t).
To derive the equations for the corresponding distributions, we have to distinguish the four cases illustrated in Figure 3 . u n (i; j) = (u ? n (i; j)) ;
with the operator ( ) de ned as: 
For all other cases depicted in Figure 3 , these regions are de ned as follows:
A 2 = ; ; (14) A 3 = f(i; j) j (T i T + W^T s j T s + s + W)g : (15) Using the equations presented above, the limiting distribution of the spacer state distribution u ? (i; j) can iteratively be obtained:
u ? (i; j) = lim n!1 u ? n (i; j) : (16) This forms the basis for the derivation of the performance measures outlined in the next three subsections.
Cell rejection analysis
The cell rejection probability p r , i.e. the probability that an arriving cell has to be delayed longer than the delay bound W, can be found as 
The rejection probability p r is given by the probability of the area of the spacer state space where an arriving cell has to be delayed longer than W either because of PCR shaping or because of SCR shaping.
Cell inter-departure time distribution
In this subsection we focus on the cell inter-departure time distribution of the Dual Cell Spacer. This distribution can be used e.g. to model the input tra c of an ATM multiplexer. The following derivation of the output process is performed in conjunction with a renewal assumption.
The probability d(k) to observe a time interval of k slots between two cells departing the spacer consecutively can be given by:
In this context, the set B k contains those states (i; j) where the departure of the previous accepted cell has occurred or will occur k slots before the departure of the cell which is currently arriving.
Due to the PCR shaping, we have a minimum cell inter-departure interval of T slots and thus for k < T: If the spacer state upon cell arrival is located in the dark shaded region B T , the cell interdeparture interval will be T, since there is no further delay required due to SCR shaping.
For the spacer states in the light shaded region B Ts , an arriving cell has to be delayed due to SCR shaping. Thus the cell inter-departure interval is equal to T s .
Taking these properties into account, the sets B T and B Ts are given by: B T = f(i; j) j (0 < i W^? 
Cell delay distribution
The performance measure addressed in this subsection is the cell delay distribution. This measure allows e.g. to investigate the additional delay introduced by SCR shaping compared to that of a Conventional Spacer. Since the delay for cells that arrive at time instants where one or both components of the spacer state are negative is the same as for time instants where the corresponding component is equal to 0, we can make use of the shifting operation given in equation (8) 
A cell is delayed by k slots, if the delay due to PCR shaping is equal to k slots and the required delay due to SCR is shorter or vice versa. Thus, for 0 k W the sets C k are
given by:
Because of the maximum delay bound W, the sets C k are empty for k > W. The probability p w that an arriving cell has to be delayed can be computed by:
3 Numerical results
To compare the performance of the Dual Cell Spacer with that of the Conventional Spacer, we present a number of numerical results. In Figure 5 , cell delay distributions are drawn for several choices of s . The inter-arrival process used is a negative-binomial distribution which allows varying the mean E A and the coe cient of variation c A almost independently of each other. Of course, E A c 2 A > 1 must be ful lled. We use a mean of E A = 10:0 slots and the coe cient of variation is set to c A = 1:0. The spacer parameters are T = 5, T s = 8 and s is varied from 0 to 150. A maximum delay of W = 200 slots is tolerated.
As can be observed in Figure 5 , the cell delay distribution is strongly dependent on the choice of s . If s increases, the cell delay distribution rapidly approaches that of the Conventional Spacer. the SCR shaping has no e ect on the delay of the cells. In our case, the distributions for s = 1 and s = 150 can not be distinguished.
If we look at Figure 6 where the coe cient of variation is now set to c A = 2:0, a much slower approach can be observed, i.e. s must be chosen large to obtain a cell delay distribution close to that of a conventional spacer. Each of the distribution functions in
the Figures 5 and 6 shows small steps for short delays, as typical for GI=D=1 queueing systems.
In Figure 7 , the mean cell delay is plotted over s for various choices of c A . This gure shows the asymptotic behavior more clearly. The smaller the value of c A , the faster the mean cell delay approaches a limiting value. Thus, the BT should be dimensioned small in order to preserve the supplementary property of the dual mechanism, i. The next measure we focus on is the cell inter-departure time distribution of the Dual Cell Spacer. In Figure 9 , we use the same inter-arrival process as before with a coe cient of variation c A = 2:0. For s = 0, i.e. no bursts are allowed, the cell inter-departure time distribution is equal to that of a Conventional Spacer with minimum inter-cell distance T s .
If s is increased, the cell inter-departure time distribution also approaches a limiting distribution. As in case of the cell delay distribution, this limiting distribution is equal to the cell inter-departure time distribution of the Conventional Spacer with a minimum inter-cell distance of T.
For all other values of s , two steps can be observed. These steps correspond to the PCR and SCR shaping and are therefore located at i = 5 and i s = 8. Note that T = 5 and T s = 8. The step due to SCR shaping gets smaller if s increases or c A decreases.
From the network point of view, a small value of the BT may allow a higher utilization of the network resources since the tra c stream is smoother. However, the cell rejection probability and the cell delay will be increased. Using our analysis, the tuple (T s , s ) can be chosen to achieve a given target cell rejection probability or cell delay, respectively, and to allow the network provider to obtain a high multiplexing gain at the same time. In general, a user's decision whether to shape tra c only according to a PCR or according to both PCR and SCR strongly depends on the way the tari ng is carried out. Consider for example a user application which allows a mean cell delay of at most 20 cell times and assume that the cell arrival process follows a negative-binomial distribution with E A = 10:0 slots and c A = 2:0. In Figure 10 we have drawn the mean cell delay for a Dual Cell Spacer with T = 5, T s = 8 and W = 200 as a function of the BT. We also plotted horizontal lines for the mean cell delay for a Conventional Spacer with T = 5; 6; 7; 8 and the same maximum delay bound W.
The user has in principle two possibilities to shape tra c in order to achieve a mean cell delay of less than 20 cell times:
1. use a Conventional Spacer and specify a PCR with T = 6, 2. use a Dual Cell Spacer and specify e.g. a PCR with T = 5 and additionally a SCR of T = 8 with a BT s 80.
Of course, the user's choice will depend on the tari ng policy, since the user will choose the cheaper alternative for the connection. In this paper we presented a discrete-time analysis of the Dual Cell Spacer which shapes an ATM input tra c stream to be conforming with a given Peak Cell Rate and a Sustainable Cell Rate in conjunction with the Burst Tolerance. The input tra c is assumed to be a renewal process and a maximum delay bound for the spacer is introduced. Using the limiting distribution of the two-dimensional system state distribution, performance measures such as the cell rejection probability, the cell inter-departure time distribution and the cell delay distribution have been derived in closed form. All results are of an exact nature. Numerical examples are given to show the performance of the Dual Cell Spacer for di erent tra c conditions. Furthermore, the results have been compared with those of a Conventional Spacer, i.e. a spacer which shapes the tra c only according to a Peak Cell Rate. From the numerical examples we can conclude that already for small values of the Burst Tolerance, the Dual Cell Spacer achieves performance close to that of the Conventional Spacer, if the Sustainable Cell Rate is chosen adequately. The reason for this is the fast approach of the cell delay and the cell inter-departure time distribution against their limiting distributions. Thus, the supplementary properties introduced by the dual mechanism are lost already for relatively small values of the Burst Tolerance. If an additional delay can be accepted, the Burst Tolerance can however be chosen quite small resulting in a tra c stream which is very smooth and therefore favorable from the network point of view. Since the network provider needs to allocate fewer resources when the negotiated Burst Tolerance is small, a small Burst Tolerance in conjunction with a reasonable choice of the Sustainable Cell Rate may also be pro table for the user from the tari ng point of view.
